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INTRODUCTION
in 1987, the international cooperative programme on effects
of air pollution on crops (icp crops) was established as a
subsidiary body of the Working Group on effects of the
Unece convention on long-range transboundary air
pollution (ltrap), established in 1979. in the early years,
the programme focussed on assessing the impacts of
ground-level ozone on crops. as ozone also affects other
vegetation than crops, the remit of the icp was soon extended
to include impacts on air pollution on (semi-)natural
vegetation too. Hence, in 1999, the icp was renamed as the
international cooperative programme on the effects of air
pollution on natural vegetation and crops (icp vegetation).
although icp vegetation also includes some research on the
impacts of ozone on trees, a separate icp was already
established in 1985 to monitor impacts of air pollution on
forests (icp Forests). in addition to the icp vegetation and
icp Forests, the Working Group on effects consists of four
other icps (icp integrated monitoring, icp Waters, icp
materials and icp modelling and mapping) and the task
Force on Health (Working Group on effects, 2004).  the
ltrap convention provides the essential framework for
controlling and reducing damage to human health and the
environment (ecosystems and materials) caused by
transboundary air pollution. over the years, the lrtap
convention has been extended by eight protocols that
identify specific measures to be taken by parties to cut their
emissions of air pollutants (Working Group on effects,
2004). Fifty-one Unece member states are parties to the
convention. an important remit of the icp vegetation is to
assess spatial patterns and temporal trends regarding air
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pollution impacts on vegetation within the Unece area and
provide evidence to the lrtap convention for assessments
of the sufficiency and effectiveness of air pollution abate-
ment strategies developed within the convention.
in 2000, the icp vegetation further extended its remit by tak-
ing over the coordination of the european moss survey from
the nordic council of ministers. since 1990, mosses have
been sampled every five year across europe to provide an in-
dication of the spatial variation and temporal trends of heavy
metal deposition to vegetation at a high spatial resolution
(Harmens et al., 2010; 2015). in 2005, the moss survey was
extended to include the determination of nitrogen in naturally
growing mosses (Harmens et al., 2011; 2015) and in 2010 a
pilot study was conducted to use mosses as biomonitors of
selected persistent organic pollutants (pops; Harmens et al.,
2013). Hence, the participation in the icp vegetation has
gradually increased over the years. this is reflected in the
growing number of countries (in- and outside the Unece)
participating in the annual task Force meeting of the icp
vegetation, with the number of participants increasing from
ca. 20 in the early years to ca. 80 in recent years (Figure 1).
below we will describe in more detail the activities of the
icp vegetation. Further details can be found on the web site:
http://icpvegetation.ceh.ac.uk
IMPACTS OF GROUND-LEVEL
OZONE ON VEGETATION
since its establishment in 1987, the icp vegetation has stud-
ied and collated evidence of impacts of ground-level ozone
pollution on vegetation, in the early years mainly on crops
but in later years also on (semi-)natural vegetation. in close
collaboration with the icp Forests, information on the im-
pacts of ozone on trees is also evaluated. activities on ozone
can be divided into three categories:
1. collate evidence of ozone impacts on vegetation,
asses spatial patterns and temporal trends;
2. Develop dose-response relationships, establish critical
levels for vegetation and provide european risk maps
of ozone impacts;
3. publish thematic scientific reports and policy-relevant
brochures on ozone impacts on vegetation by reviewing
the literature.
Evidence of ozone impacts on vegetation
the icp vegetation has collated a database from ozone
exposure experiments to assess the sensitivity of the
above-ground biomass of 83 species of semi-natural
vegetation. in a meta-analysis, Hayes et al. (2007a)
identified some relationships between ozone sensitivity and
plant physiological and ecological characteristics, which
could be used to predict sensitivity to ozone of untested
species. mills et al. (2007b) conducted further analyse to
identify ozone-sensitive communities suitable for mapping
exceedances of critical levels (see section 2.2). Jones et al.
(2007) developed a regression-based model for predicting
changes in biomass of individual species exposed to ozone,
based on their ellenberg indicator values and found a
relationship with the ellenberg indicator for light and
salinity. in addition, the icp vegetation has populated a
database containing 644 records of impacts of ambient ozone
on vegetation for 171 species (Hayes et al., 2007b; mills et
al., 2011a). of the 644 records of visible injury, 39% were
for crops (27 species), 38.1% were for (semi)–natural
vegetation (95 species) and 22.9% were for shrubs
(49 species; mills et al., 2011a). effects in ambient air were
observed in 18 european countries from sweden in the north
to Greece in the south. this data was collated in various
studies that are described in more detail below. evidence of
ozone injury on trees is separately collated by the icp
Forests.
Records of observations of visible-injury symptoms in
ambient air from survey and ad-hoc observations
the distribution of records of occurrence of visible injury
symptoms shows that ozone injury can occur across the
whole of europe (Hayes et al., 2007b), although it is most
commonly recorded in continental central europe and the
Western mediterranean regions (Figure 2). although records
are present as a result of surveys, these surveys only account
for approximately one-quarter of the total records of visible
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Figure 1. number of experts and countries participating in icp
vegetation task Force meetings between 1987 and 2015.
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injury, with the remaining records from ad-hoc observations.
Due to the sporadic nature of surveys, it is not possible
investigate temporal trends from survey data.
Biomonitoring studies using a chemical protectant
against ozone damage
During the years 1994, 1995 and 1996 participants of the
icp vegetation conducted studies in ambient air using the
ozone-protectant ethylenediurea (eDU) at experimental sites
and/or in commercial fields (ball et al., 1998).  For each
species used in each study, half of the plants were treated with
eDU and half with water.  plants were placed in ambient air
and at the end of the exposure period (typically eight weeks),
the two sets were compared for the extent of visible injury
and/or biomass.  species tested in this way included
subterranean clover (Trifolium subterranean), bean
(Phaseolus vulgaris), radish (Raphanus sativus), white clover
(Trifolium repens), red clover (Trifolium pratense), tomato
(Lycopersicon esculentum), soybean (Glycine max),
watermelon (Citrullus lanatus) and tobacco (Nicotiana
tabacum). in many cases the occurrence of visible leaf injury
was reduced for plants treated with eDU. in addition, eDU
can also protect plants from decreases in biomass that would
otherwise occur in ambient ozone conditions (Hayes et al.,
2007b).  a comprehensive analysis of the results of exposure
of eDU and non-eDU treated Trifolium repens
(l. cv menna) at 12 sites from nine countries showed that
there was a decrease in the biomass ratio of non-eDU to
eDU treated plants with increasing ozone exposure, however
there was a lot of scatter in this relationship (ball et al.,
1998).  
Biomonitoring with ozone-sensitive and ozone-resistant
biotypes of white clover (Trifolium repens)
between 1996 and 2006, the icp vegetation biomonitoring
programme has involved exposure of an ozone sensitive
biotype of white clover (Trifolium repens regal, nc-s)
to ambient air (Hayes et al., 2007b; mills et al., 2011a).  leaf
injury was apparent in varying magnitudes ranging from
pale cream stipples on the leaf surface to large necrotic
patches with leaves severely damaged.  at some sites,
ozone-resistant plants (nc-r) were also grown; the ratio of
the biomass of nc-s to nc-r provides an indication of
ambient ozone effects on growth at these sites (Heagle et al.,
1995). From 1998 to 2006 there is scored injury data
available from a total of 45 sites, representing 16 countries
across europe (Figure 3), including italy (e.g. manes et al.,
2003). biomass ratio data is available from 1996 to 2006
for a total of 41 sites from 15 countries. However, each
individual site did not necessarily perform the investigation
every year meaning there are very few sites with a long
time-run of data.
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Figure 2. number of records per region of visible injury symptoms
attributed to ambient ozone. ace = atlantic central europe,
cce = continental central europe, em = eastern mediterranean,
Wm = Western mediterranean, ne = northern europe (Hayes et al.,
2007b).
Figure 3. icp vegetation clover biomonitoring sites (Hayes et al,
2007b).
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visible injury symptoms on white clover have been recorded
in all regions of europe (Hayes et al., 2007b; mills et al.,
2011a). the highest impacts have generally been found in
switzerland, italy and Greece, although moderate impacts
have also been found in central and northern europe. the
biomass of the sensitive variety of white clover plants was
reduced with increasing ozone concentrations. the largest
impacts of ozone on the biomass of clover plants were
consistently found in southern europe, particularly in italy
and Greece where biomass reductions of over 30% have been
demonstrated in some years.  reductions in biomass of over
10% have been found in the eastern mediterranean, Western
mediterranean and continental central europe regions,
but such large reductions have not been recorded in either
northern europe or atlantic central europe (Hayes et al.,
2007b; mills et al., 2011a). For further details of the outcome
of the biomonitoring studies with white clover we refer to
Hayes et al. (2007b) and mills et al. (2011a).
Biomonitoring with ozone-sensitive and ozone-resistant
biotypes of French bean (Phaseolus vulgaris)
participants of the icp vegetation have been conducting
biomonitoring campaigns using ozone-sensitive (s156) and
ozone-resistant (r123) genotypes of Phaseolus vulgaris
(bush bean, French Dwarf bean) since 2008. the bean
genotypes were develop (reinert and eason, 2000) and tested
as a bioindicator system (burkey et al. 2005) in the Usa.
although visible leaf injury regularly occurred across the
icp vegetation network (Figure 4), there was no clear
dose-response relationship with concentration-based ozone
parameters. similarly, there was no clear relationship
between concentration-based parameters and the ratio of the
pod weight for the sensitive to that of the resistant bean (e.g.
salvatori et al., 2013). so far, ozone flux-effect relationships
have not been developed for bean. 
overall, the bean biomonitoring system does seem to
provide a good indication of the occurrence of ozone
concentrations that are high enough to visibly damage plants.
as such it is very valuable for use in countries as proof or
otherwise that ozone levels are causing damage. However,
differences between the sensitive and resistant biotypes do
not seem to be strong enough for continued application as a
biomonitor for yield effects across all climate regions in
europe.
Evidence from filtered air experiments
although many research institutes within europe have the
capabilities to investigate the effects of ozone on vegetation
experimentally, comparatively few use both charcoal-filtered
(cF) and non-filtered (nF) air as treatments.  Where these
combinations of treatments have been used together, com-
parisons of responses provide valuable indications of the
effect of ambient ozone.  Data are available from icp
vegetation sites in sweden, italy, netherlands, austria,
switzerland, belgium, Germany, spain and Finland (Hayes
et al., 2007b).  a diverse range of species and response
parameters have been investigated in this way, including
crop and natural vegetation species.  many studies have
investigated growth or yield related parameters. recently,
pleijel (2011) reviewed the outcome of 30 air filtration
experiments for field-grown wheat, representing nine
countries in north america, europe and asia. Filtration had
reduced the average daytime ozone concentration from 35 to
13 nmol mol-1. twenty six experiments reported improved
yield and four experiments reduced yield by filtration, with
an average yield improvement of 9% in charcoal-filtered air.
Hence, current ambient ozone concentrations adversely
affect wheat yield over large parts of the world.
Smart phone application to record incidences of ozone
injury in the field
in 2014, the icp vegetation has developed a new way of
recording incidences of ozone injury in the field, using
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Figure 4. locations where ozone injury has been detected on bean
(Phaseolus vulgaris) between 2008 and 2011 in europe. injury was also
detected in the Usa and Japan, and in later years also in china.
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smart-phone technology for i-phones and android phones,
and a web-based recording methodology (http://icpvegeta-
tion.ceh.ac.uk). the smart phone app (Figure 5) allows
participants to upload photographs of ozone injury direct
from the field together with the coordinates for the location
where the injury was detected. app users are taken through
a short series of questions, with answers selected from
drop-down menus. in addition, the app contains an ‘ozone
information’ section, which includes details of the key
symptoms of ozone injury, and other causes of leaf damage
that may be mistakenly recorded as ozone injury. there is an
‘examples of ozone injury’ page, containing photos of ozone
injury on many of the species included in the app species
list. photos of ozone injury were also published in the
brochure ‘Have you seen these ozone injury symptoms’,
produced in collaboration with the icp Forests (http://icpveg-
etation.ceh.ac.uk/publications/documents/ceHozone
injury_webmidres.pdf).
activities oF tHe icp veGetation
Figure 5. smart phone app for recording incidences of ozone-induced leaf injury.
OZONE CRITICAL LEVELS: FROM CONCENTRATION
TO FLUX-BASED APPROACH
History
over the years, the icp vegetation has been responsible for
developing ozone critical levels for vegetation and for
updating chapter 3 (‘mapping critical levels for vegetation’;
lrtap convention, 2015) of the ‘manual on methodologies
and criteria for modelling and mapping critical loads and
levels and air pollution effects, risks and trends’ of the
Unece lrtap convention. the aim of this chapter is to
provide information on the critical levels for sensitive
vegetation and how to calculate critical level exceed ance.
critical levels were defined in an earlier version of this
manual (lrtap convention, 1996) as “the atmospheric
concentrations of pollutants in the atmosphere above which
adverse effects on receptors, such as human beings, plants,
ecosystems or materials, may occur according to present
knowledge”. in the most recent update, the critical levels for
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vegetation are defined as the “concentration, cumulative
exposure or cumulative stomatal flux of atmospheric
pollutants above which direct adverse effects on sensitive
vegetation may occur according to present knowledge”.
critical level exceedance maps show the difference between
the critical level and the mapped, monitored or modelled
air pollutant concentration, cumulative exposure or
cumulative flux. 
critical level values have been set, reviewed and revised for
ozone, sulphur dioxide, nitrogen dioxide and ammonia at a
series of Unece Workshops: bad Harzburg (1988); bad
Harzburg (1989); egham (1992); bern (1993); Kuopio
(1996), Gerzensee (1999), Gothenburg (2002;), obergurgl
(2005), edinburgh (2006), ispra (2009) and associated task
Force meetings of the icp vegetation. For sulphur dioxide,
nitrogen dioxide and ammonia, concentration-based
critical levels have been developed. For ozone, cumulative
concentration-based and cumulative stomatal flux-based
critical levels have been developed for crops, forest trees and
(semi-) natural vegetation.
the concept of ozone critical levels based on an accumulated
amount of ozone above a threshold over a fixed period
of time was first introduced into the manual in 1996
(lrtap convention, 1996), with the inclusion of the ozone
parameter aotX (ozone concentrations accumulated over a
threshold of X ppb), as for example described for crops in
mills et al. (2007a). However, several important limitations
and uncertainties have since been recognised for using
aotX. in particular, the real impacts of ozone depend on the
amount of ozone reaching the sites of damage within the leaf,
whereas aotX-based critical levels only consider the ozone
concentration at the top of the canopy. the Gerzensee
Workshop in 1999 recognised the importance of developing
an alternative critical level approach based on the flux of
ozone from the exterior of the leaf through the stomatal pores
to the sites of damage (stomatal flux). this approach required
the development of mathematical models to estimate
stomatal flux, primarily from knowledge of stomatal re-
sponses to environmental factors (emberson et al., 2000). it
was agreed at the Gothenburg Workshop in 2002 that ozone
flux-effect models were sufficiently robust for the derivation
of flux-based critical levels. an additional simplified
flux-based risk assessment method for use in large-scale and
integrated assessment modelling was discussed at the
obergurgl Workshop (2005) and after further revision
(approved at appropriate task Force meetings) is included in
the manual for a generic crop and forest tree. a critical level
has been derived for effects on a generic crop, but not for
effects on generic trees. as such, the integrated assessment
method does not take into account effects of soil moisture in
stomatal flux modelling, however, subsequent modelling and
mapping within the model developed by emep (european
monitoring and evaluation programme) uses a simple soil
moisture index to take into account effects of soil moisture on
the deposition of ozone in a simplistic way (simpson et al.,
2012). at the ispra Workshop in 2009 and subsequent 23rd
task Force meeting of the icp vegetation in 2010, the
flux-based critical levels were reviewed, revised where
needed, and added for new receptors (mills et al., 2011b).
the critical levels currently included in the ‘modelling and
mapping manual’ are summarised below. Full details of their
scientific basis, calculation and applications can be found in
chapter 3 of the manual (lrtap convention, 2015).
Stomatal flux-based critical levels for effects of ozone on
growth or yield
these take into account the varying influences of air
temperature, water vapour pressure deficit (vpD) of the
surrounding leaves, light (irradiance), soil water potential
(sWp) or plant available water (paW), ozone concentration
and plant development (phenology) on the stomatal flux of
ozone (emberson et al., 2000). they therefore provide an
estimate of the critical amount of ozone entering through the
stomata and reaching the sites of action inside the plant
and are species-specific. the hourly mean instantaneous
stomatal flux of ozone based on the projected leaf area
(pla), is accumulated over a stomatal flux threshold of
y nmol m-2 s-1. the accumulated phytotoxic ozone Dose
(i.e. the accumulated stomatal flux) of ozone above a flux
threshold of y (poDy), is calculated for the appropriate
time-window as the sum over time of the differences between
hourly mean values of stomatal flux and y nmol m-2 pla s-1
for the periods when the stomatal flux exceeds y. the
stomatal flux-based critical level of ozone is then the
cumulative stomatal flux of ozone, poDy, above which
direct adverse effects may occur according to present
knowledge. values of stomatal flux-based critical levels
(table 1) have been identified for crops (wheat, potato and
tomato), forest trees (represented by birch and beech, and
norway spruce), and (semi-)natural vegetation (represented
by Trifolium spp. (clover family) and provisionally Viola spp.
(violet family). the flux-based critical levels and associated
response functions are suitable for mapping and quantifying
impacts at the local and regional scale, including effects on
food security (crops), roundwood supply for the forest sector
industry and loss of carbon storage capacity and other
beneficial ecosystem services (forest trees), and impacts on
the vitality of fodder-pasture and natural grassland species.
Where appropriate, they could be used for assessing
economic losses (e.g. mills and Harmens, 2011).
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Concentration-based critical levels for effects of ozone on
growth or yield
these are based on the concentration at the top of the canopy
accumulated over a threshold concentration for the
appropriate time-window and thus do not take account of the
stomatal influence on the amount of ozone entering the plant.
this value is expressed in units of ppm h (μmol mol-1 h). the
term aotX (concentration accumulated over a threshold
ozone concentration of X ppb) has been adopted for
this index; often “X” = 40 ppb (aot40) is used. values
of concentration-based critical levels are defined
for agricultural and horticultural crops, forests and
(semi)–natural vegetation. the aotX-based critical levels
have a weaker biological basis than the flux-based critical
levels and are suitable for estimating the risk of damage
where climatic data or suitable flux models are not available.
economic losses should not be estimated using aotX-based
critical levels and associated response functions.
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VPD-modified concentration-based critical level for
visible leaf injury
this index is only used to define the short-term critical level
for the development of visible injury on crops. the method
takes into account the modifying influence of vapour
pressure deficit (vpD) on the stomatal flux of ozone by
multiplying the hourly mean ozone concentration at the top
of the canopy by an fvpD factor to get the vpD-modified
ozone concentration. the [O3]vpD is accu mu lated over a
threshold concentration during daylight hours over the
appropriate time-window. this value is expressed in units of
ppm h (μmol mol-1 h). the term aot30vpD (vpD-modi fied
concentration accumulated over a threshold ozone
concentration of 30 ppb) has been adopted for this index.
this critical level can be used to indicate the likelihood of
visible ozone injury on vegetation, and is especially useful
for estimating effects on leafy vegetable crops where leaf
injury reduces the quality and market value.
activities oF tHe icp veGetation
(a) Flux-based critical levels (see Mills et al., 2011b)
Receptor Effect (per cent reduction) Parameter Critical level
(mmol m-2 PLA)
Wheat Grain yield (5%) poD6 1
Wheat 1000 grain weight (5%) poD6 2
Wheat protein yield (5%) poD6 2
potato tuber yield (5%) poD6 5
tomato Fruit yield (5%) poD6 3
tomato Fruit quality (5%) poD6 4
norway spruce biomass (2%) poD1 8
birch and beech biomass (4%) poD1 4
productive grasslands (clover) biomass (10%) poD1 2
conservation grasslands (clover) biomass (10%) poD1 2
conservation grasslands (Viola spp), provisional biomass (15%) poD1 6
(b) Concentration-based critical levels
Receptor Effect Parameter Critical level
(ppm h)
agricultural  crops yield reduction aot40 3
Horticultural crops yield reduction aot40 8
Forest trees Growth reduction aot40 5
(semi-)natural vegetation communities dominated by annuals Growth reduction and/or seed production aot40 3
(semi-)natural vegetation communities dominated by perennials Growth reduction aot40 5
(c) VPD-modified concentration-based critical level
Receptor Effect Parameter Critical level 
(ppm h)
vegetation (derived for clover species) visible injury on leaves aot30vpD 0.16 
table 1. critical levels for ozone. For further details and references see ltrap convention (2015).
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Literature reviews to inform scientists (full report) and
policy makers (short summary brochures) of recent
developments
the following synthesis reports and brochures can be
downloaded from the icp vegetation web site (http://icpveg-
etation.ceh.ac.uk). 
Evidence of widespread ozone damage to vegetation in
Europe (1990 – 2006) 
the first glossy thematic report produced by the icp
vegetation was the ‘evidence report’ (Hayes et al., 2007b).
this report provides field-based evidence for the impacts of
ambient ozone on vegetation, collated from material as
described above. this report confirmed that the stomatal
flux-based risk maps of ozone impacts on vegetation (poD3)
were more coherent with observed impacts of ozone damage
than concentration-based (aot40) risk maps. the outcome
of the report was instrumental in the following decision from
the executive body of the lrtap convention: ‘… ozone
effects on vegetation should be incorporated in integrated
assessment modelling …’. the   executive body also noted
that ‘… policies aiming only at health effects would not
protect vegetation in large areas of europe.’
Ozone pollution: A hidden threat to food security
this reports provides an overview of the impacts of ozone
pollution on both crop yield and quality, how these impacts
are affected by a changing climate, which species are
sensitive to ozone, and provides a quantification of economic
losses due to ozone impacts on wheat and tomato yield in
2000 and 2020 in eU27 plus norway and switzerland (mills
and Harmens, 2011). mean yield losses for wheat and tomato
were estimated to be 13.7% and 9.4% respectively in 2000
and would decline to 9.1% and 5.7% in 2020 under the then
current legislation scenario. the report highlighted the urgent
need to raise political awareness of the adverse impact of
ozone on food production in regions such as south asia
where some of the most important staple foods of wheat, rice
maize and bean are sensitive to ozone. 
Ozone pollution: Impacts on carbon sequestration in
Europe
this reports describes how ozone affects carbon
sequestration in the living biomass of trees (Harmens
and mills, 2012). in northern and central europe, carbon
sequestration in the living biomass of trees is reduced by ca.
10%, based on the aot40 approach, comparing current
ambient ozone concentrations with pre-industrial
concentration. slightly higher reductions were estimated
using the stomatal flux-based approach. ozone affects the
capacity of the vegetation to act as a sink for greenhouse
gases such as carbon dioxide and ozone, and it has been
suggested that effects of ozone on vegetation growth and
biomass might contribute as much to global warming as the
direct effects of ozone as a greenhouse gas due to feedbacks
to the climate as a result of ozone impacts on vegetation
(sitch et al., 2007).
Ozone pollution: Impacts on ecosystem services and
biodiversity
in this report the icp vegetation provided a review of the
effects of ozone pollution on ecosystem services and
biodiversity (mills et al., 2013). the review included impacts
on ecological processes and supporting services (primary
productivity, stomatal functioning, carbon, nitrogen and
water cycling), provisioning services (crop and timber
production), regulating services (carbon sequestration and
global warming, air quality, methane emissions, flowering
and pollination), and cultural services (leisure, recreation and
amenity). a case study from italy showed how vegetation can
improve air quality, for example through ozone removal
(manes et al., 2012). it was concluded that a comprehensive
quantitative assessment of ozone effects on ecosystem
services, including an economic valuation, is feasible for
some provisioning and regulating services, whilst more
research and method development is needed for other
ecosystem services.
Air pollution: Deposition to and impacts on vegetation
in (South-)East Europe, Caucasus, Central Asia
(EECCA/SEE) and South-East Asia
current knowledge on the deposition of air pollutants to and
their impacts on vegetation was reviewed for eecca
(armenia, azerbaijan, belarus, Georgia, Kazakhstan,
Kyrgyzstan, moldova, russian Federation, tajikistan,
turkmenistan, Ukraine and Uzbekistan) and see countries
(albania, bosnia and Herzegovina, bulgaria, croatia,
cyprus, Greece, macedonia, montenegro, romania, serbia,
slovenia and turkey). as an outreach activity, knowledge on
this subject was also reviewed for the malé Declaration
countries in south-east asia (bangladesh, bhutan, india,
iran, maldives, nepal, pakistan and sri lanka).  air pollution
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is a main concern in asia due to enhanced industrialisation,
which is directly linked to continued strong economic growth
in recent decades (Harmens and mills, 2014).
Other recent brochures
in 2014, the icp vegetation produced a brochure on
ozone-induced leaf injury symptoms in collaboration with
the expert panel on ambient air Quality of the icp Forests.
in 2015, the following two brochures were produced:
1) climate change and reactive nitrogen as modifiers of
vegetation responses to ozone pollution; 2) changing ozone
profiles in europe: implications for vegetation.
MOSSES AS BIOMONITORS OF
ATMOSPHERIC POLLUTION
Heavy metals
the survey on heavy metal concentrations in mosses was
originally established in 1980 as a swedish initiative under
the leadership of Åke rühling, sweden. the idea of using
mosses to measure atmospheric heavy metal deposition was
developed in the late 1960s by rühling and tyler (rühling
and tyler, 1968). it is based on the fact that mosses,
especially the carpet-forming species, obtain most of their
nutrients directly from precipitation and dry deposition; there
is little uptake of metals from the substrate as these mosses
do not have a well-developed root system. the technique of
moss analysis therefore provides a surrogate, time-integrated
measure of the spatial patterns of heavy metal deposition
from the atmosphere to terrestrial systems. it is easier and
cheaper than conventional precipitation analysis as it avoids
the need for deploying large numbers of precipitation
collectors with an associated long-term programme of routine
sample collection and analysis. therefore, a much higher
sampling density can be achieved than with deposition
analysis. although the moss concentration data provide
no direct quantitative measurement of deposition, this
information can be derived by using one of several
regression approaches relating the results from moss surveys
to precipitation monitoring data (e.g. berg and steinnes,
1997; berg et al., 2003). the first european moss survey on
heavy metals was conducted in 1990 and has since then been
repeated every five years (Harmens et al., 2004, 2007, 2008,
2010, 2015). in 1990 and 1995, the moss survey was
coordinated by the nordic Working Group on monitoring and
Data, nordic council of ministers. in 2000, the coordination
was handed over to the coordination centre of the icp
vegetation at the centre for ecology & Hydrology (ceH)
bangor, UK. the next survey is scheduled for 2015 and the
coordination of that survey will be conducted by the Joint
institute of nuclear research (Jinr), Dubna, russian
Federation under auspice of the icp vegetation. the
coordination was handed over to Jinr with the aim to
enhance participation of eecca countries, a priority of the
lrtap convention in recent years, and reach out to other
countries in asia. 
the european moss survey provides data on concentrations
of ten heavy metals (arsenic (as), cadmium (cd), chromium
(cr), copper (cu), iron (Fe), mercury (Hg), nickel (ni), lead
(pb), vanadium (v), zinc (zn)) in naturally growing mosses.
since 2005, data are also reported for aluminium (al) and
antimony (sb; Harmens et al., 2010, 2015). the number of
sampling sites ranged from ca. 4,500 sites in 2010 to
ca. 7,300 sites in 1995. although spatial patterns are
metal-specific, in recent surveys the lowest concentrations of
metals in mosses were generally found in scandinavia, the
baltic states and northern parts of the UK; the highest
concentrations were generally found in belgium and
south-eastern europe, resulting in a more or less declining
gradient from south-east to north-west.  the recent decline
in emission and subsequent deposition of heavy metals across
europe has resulted in a decrease in the heavy metal
concentration in mosses for the majority of metals. since
1990, the median concentration in mosses across europe has
declined the most for lead (77%), followed by vanadium
(55%), cadmium (51%), chromium (43%), zinc (34%), nickel
(33%), iron (27%), arsenic (21%, since 1995), mercury (14%,
since 1995) and copper (11%; Harmens et al., 2015). For
cadmium and lead atmospheric deposition has been identi-
fied as the primary factor contributing to the spatial variation
of concentrations in mosses at the european scale (Holy et
al., 2009; schröder et al., 2010b). For cadmium and lead,
significant positive correlations were found between the
concentration in mosses and the deposition modelled by the
european monitoring and evaluation programme (emep)
for about two thirds or more of the countries participating in
the european moss survey since 1990 (Harmens et al., 2012).
the decline in cadmium and lead concentrations in mosses
since 1990 (77% and 51% respectively) was in good
agreement with the decline in atmospheric deposition
modelled by emep across europe (74% and 51%
respectively; travnikov et al., 2012). However, correlations
are weaker for mercury (schröder et al., 2010b), which is
probably due to the specific chemistry of elemental mercury
(Harmens et al., 2010). the decline (14%) in mercury
concentration in mosses since 1995 was less than the decline
in atmospheric deposition (27%) modelled by emep across
europe (Harmens et al., 2015).
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Nitrogen
Determination of the nitrogen concentration in mosses was
included for the first time in the 2005 european moss survey
(Harmens et al., 2011). the number of moss sampling
sites was reduced from 3,070 in 2005 to 2,413 in 2010.
atmospheric nitrogen deposition is the main factor
determining the spatial variation of the nitrogen
concentration in mosses (schröder et al., 2010a). the
relationship between nitrogen concentration in mosses and
emep modelled nitrogen deposition (Harmens et al., 2011)
or measured nitrogen deposition near the moss sampling sites
(Harmens et al., 2014) is asymptotic with saturation of the
nitrogen concentration in mosses occurring at a nitrogen
deposition rate between 15 – 20 kg ha-1 yr-1. although this
makes it difficult to assess the magnitude of exposure in areas
with medium to high nitrogen deposition, the moss technique
still allows the identification of the areas potentially most
exposed. areas most exposed to high nitrogen deposition are
located in western and central europe. the small decline
(5%) in the european average median nitrogen concentration
in mosses between 2005 and 2010 is in agreement with the
7% decline reported by emep for modelled total nitrogen
deposition in the eU27 since 2005 (Fagerli et al., 2012;
Harmens et al., 2015).
POPs
a recent review study (Harmens et al., 2013) by the icp
vegetation has shown that mosses are also suitable as
biomonitors of pops, including polycyclic aromatic
hydrocarbons (paHs), polychlorobiphenyls (pcbs), dioxins
and furans (pcDD/Fs), and polybrominated diphenyl ethers
(pbDes; flame retardants). six countries conducted a pilot
study in 2010 on the application of mosses to monitor
atmospheric deposition of pops: France, norway, poland,
slovenia, spain and switzerland, with only norway
analysing other compounds in addition to paHs. in norway,
the observed geographical distribution of the concentration
of selected pops (pcb, DDt (dichlorodiphenyl-
trichloroethane), HcH (hexachlorohexane) paHs, pbDes
and pFas (perflorinated compounds)) in mosses indicated
that the concentration in mosses reflect the atmospheric
deposition patterns well. For most of the pops the
concentration in mosses decreased with northern latitude
(similar to heavy metals), indicating that long-range
atmospheric transport contributes to the higher
concentrations observed in southern norway. in switzerland,
high concentrations of paHs were found in mosses sampled
in the region of basel (chemical industry), whilst low
concentrations were observed in the western part of the
central plateau where the population density is relatively low.
there was a good correlation between the summed paHs
concentration in mosses and the concentration in pm10 and
soil in switzerland. the total paHs concentrations in mosses
was significantly lower in navarra, a rural area in spain,
than in Île-de-France (metropolitan area of paris) and in
switzerland (Foan et al., 2014). mosses sampled in navarra
were characterised by a low percentage of heavy paHs due
to the low degree of urbanisation in navarra. the main paH
emission sources in switzerland and navarra were industrial
activity and road traffic respectively.
CONCLUSIONS
the icp vegetation has expanded since its establishment in
1987 from a group of experts focussing on the impacts of
ozone pollution on crops to a group focussing either on the
impacts of ozone pollution on crops and (semi-)natural
vegetation or the deposition of heavy metals, nitrogen and
pops to mosses. activities on ozone included collation of
evidence of ozone impacts on vegetation, establishing ozone
dose-response relationship and critical levels and reviewing
literature on the impacts of ozone on various ecosystem
services and biodiversity. these activities have been
important in supporting the development of protocols by the
lrtap convention and assessing the sufficiency and
effectiveness of these protocols. ozone pollution remains a
problem at the global scale, with peak concentrations
declining in many parts of europe but background
concentrations rising. there is a need to further assess the
modifying influences of other air pollutants (e.g. nitrogen)
and climate change (rising carbon dioxide, warming, extreme
events such as drought and flooding) on the impacts of ozone
on vegetation. although the deposition of heavy metals has
declined in many areas across europe in recent decades,
heavy metal pollution still remains a problem in
(south)–eastern europe. mercury pollution remains a
problem at the global scale. 
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